The egg shell membrane comprises a double layer membrane inside the egg shell, 1) and is composed of about 16% total nitrogen, about 2% total saccharides, 2) and about 1.4% lipid.
3) The effectiveness of egg shell membrane for recovery from burns 4) and for the adsorption of many metal ions 5, 6) such as Fe 3þ , Cu 2þ , Zn 2þ , Cd 2þ , Co 2þ , Ag þ , Pt 2þ and Au 3þ , and of acitnides 7) has been reported. But egg shell membrane is a little-used proteinaceous resource, because its available size is very small, and it cannot be liquefied or rendered soluble due to a substantial degree of crosslinkage such as cystine, hydroxylysinonorleicine, and desmosines. 8, 9) In particular, cystine is very plentiful, similarly to the case of keratin. 2) We reported previously that protein from egg shell membrane (SEP) can be effectively rendered soluble by a combined treatment of performic acid oxidation and pepsin digestion, and that SEP accelerated the reconstruction of the collagen matrix composed of fibrils with an ordered molecular rearrangement and stable macrostructure. 10) We also reported that 1 mole SEP can be conjugated with 1 mole collagen to reconstruct the matrix, and that an SEPconjugated collagen film with greater thermal stability, more uniform macrostructure and greater flexibility can be obtained from the collagen matrix with SEP than without SEP by drying it and desalting with ethanol, as compared with collagen film. 11) It is well-known that collagen can be used as the basic material for medical dressings and artificial skins to heal wounds. [12] [13] [14] In this application, affinity for cells is very important not only for applying directly a collagenbased medical dressing to a wound, but also for developing an artificial skin constructed with the cultured fibroblasts and keratinocytes. 15) Since keratinization of keratinocytes is required to protect the wound physically and chemically and to inhibit bacterial infection, several studies have been carried out on accelerating the differentiation of keratinocytes in a culture medium having an air-liquid interface.
16) It is thus important for a collagen-based medical dressing to have suitable physical and biochemical stability, adequate water vapor permeability, good adhesion and growth for fibroblasts and keratinocytes, and accelerated differentiation of keratinocytes. An SEP-PSC conjugated membrane was prepared in this study from the SEP-PSC matrix by cross-linking with water-soluble carbodiimide to prevent the dissolution of SEP and to improve its structural stability before air-drying. We then invesy To whom correspondence should be addressed. Tel: +81-42-367-5712; Fax: +81-42-360-8830; E-mail: k-taka@cc.tuat.ac.jp tigated such improved physical and biochemical features as reduced solubility, increased thermal stability, more favorable flexibility, and greater water vapor permeability. As a first step towards development of medical dressings and artificial skins with an SEP-PSC conjugated material, a cross-linked SEP-PSC coating was prepared to investigate the effect of SEP on adhesion and growth for fibroblasts, and on adhesion and growth with rapid differentiation for keratinocytes.
Materials and Methods
Preparation of soluble egg shell membrane protein (SEP). SEP was prepared from egg shell membrane (QP, Tokyo) according to a method described previously. 8) In brief, pulverized egg shell membrane (1 g) was treated with 100 ml of performic acid (10 ml of hydrogen peroxide and 90 ml of formic acid) at 25 C for 24 h. After it was passed through a glass filter, the egg shell membrane was thoroughly washed with distilled water and rendered soluble in 100 ml of acetic acid by digesting it with pepsin (10 mg, 3200 U/mg; SigmaAldrich Japan, Tokyo) at 25 C for 48 h. The enzymatic reaction was stopped by adding pepstatin (0.2 mg) before the centrifuged supernatant was dialyzed against distilled water and lyophilized to recover SEP.
Preparation of pepsin-solubilized collagen (PSC).
PSC was prepared from insoluble pigskin collagen according to the procedure of Takahashi and Hattori.
17)
Preparation of tSEP-conjugated PSC (SEP-PSC) membrane. SEP-PSC matrix was prepared according to the method described previously. 11) In brief, 10 g of an SEP-PSC solution (solvent, 0.05 M acetate buffer [pH 6 .0]; PSC conc., 0.3%; SEP:PSC proportions, 0:1, 1:10, and 1:1 [w/w]) on an acrylic resin tray (5 Â 5 Â 1 cm 3 ) was incubated at 37 C for 24 h, and then dried for 24 h under an air stream at 37 C to obtain a membrane. The dried membrane was cross-linked by pouring onto it 5 ml of a 1-ethyl-3-(3-[dimethylamino]propyl) carbodiimide (EDC) solution (10 mg/ml), and then incubating at 37 C for 12 h to it. After the membrane was turned upside down, the reverse side of the membrane was cross-linked with 10 ml of EDC solution in the same manner. The cross-linked membrane was respectively desalted and dehydrated 3 times with 70% ethanol and 99.5% ethanol, before being dried under an air stream at 37 C for 24 h to obtain SEP-PSC membrane.
Coating wells with SEP-PSC. A 0.25% PSC solution in a 0.05 M acetate buffer (pH 6.0) and 0.1% of the SEP solution were mixed in an ice bath to give a PSC concentration of 100 mg/ml in ratios of SEP:PSC of 0:1, 1:40, 1:10, 1:4, and 1:1 (w/w). The mixed solution (30 ml) was poured into a 96-well plate (Beckton Dickinson, Newark, NJ), and then air-dried for 24 h in a sterile enclosure. An EDC solution (60 ml) containing 0.5, 1, 5, or 10 mg/ml, which corresponded to 1/5 of the amount of PSC in a well, was then added, and the mixture was incubated at 25 C for 12 h to cross-link SEP and PSC. After respectively desalting and dehydrating 3 times with 300 ml of 70% ethanol and 99.5% ethanol, the cross-linked SEP-PSC coating was obtained by drying the plate for 24 h in a sterile enclosure and then storing it in a sterilized steel box until needed.
A 12-well water-repellent slide glass (Cell-line Association, Newark, NJ) was also coated with SEP-PSC and cross-linked in a similar manner, except for the use of a PSC concentration of 20 mg/ml and a SEP:PSC ratio of 0:1, 1:10, or 1:1 (w/w).
Scanning electron microscopy (SEM). SEM on SEP-PSC membrane was performed as described by Takahashi and Hattori. 17) The SEP-PSC membrane (1 Â 2 cm 2 ) swollen in 3 ml of phosphate-buffered saline (PBS) at room temperature for 1 h was fixed with 2% glutaraldehyde/PBS at 4 C for 15 h, thoroughly washed with water and then with PBS 5 times, and dehydrated in ethanol with stepwise concentrations of 50, 70, 80, 95, 99, and 99.5%. After the critical point drying (Hitachi HCP-2 Critical Point Dryer, Tokyo) with carbon dioxide and ion-sputtering with gold at 10 mA for 120 sec (Hitachi E-120 Ion Sputter, Tokyo), SEM was conducted with an S-3500N scanning microscope (Hitachi, Tokyo) at an accelerating voltage of 10 kV.
Measurement of solubility of SEP-PSC membrane. SEP-PSC membrane (1 Â 1 cm 2 ) was dissolved in 4 ml of distilled water at 100 C for 1 h, dissolved in 4 ml of 0.5 M acetic acid at 65 C for 15 h, or digested with 20 mg of collagenase (1,000 U/mg; Wako Pure Chemical, Osaka, Japan) in 4 ml of a 0.05 M Tris-HCl buffer (pH 7.5) containing 0.05 M CaCl 2 at 37 C for 24 h. After centrifugation at about 31;000 Â g and 4 C for 30 min, the residual membrane was dried at 110 C for 24 h to constant weight. Its solubility was evaluated from the dry weight.
Differential scanning calorimetry (DSC). SEP-PSC membrane (2 mg) and 40 ml of distilled water were put into a silver sample capsule (70 ml) and the capsule was sealed. After aging at 4 C for 12 h to swell fully, DSC was performed with an SSC-5020 DSC 6100 apparatus (SII Nanotechnologies, Tokyo) to evaluate the thermal denaturation of PSC as described by Takahashi et al.
18)
Measurement of twater vapor permeability of SEP-PSC membrane. The water vapor permeability of the SEP-PSC membrane was measured according to a method described previously. 19) In brief, a 70 ml-silver capsule containing 40 ml of distilled water was covered with the membrane and sealed with an adhesive. The sealed capsule was incubated at 37 C for the indicated times (0-6 h) and then weighed. The water vapor permeability was evaluated from the decrease in weight.
Measurement of dynamic viscoelasticity of SEP-PSC membrane. The dynamic viscoelasticity of the SEP-PSC membrane was measured at 40 C in distilled water under a 1-Hz frequency and 0.2% strain with a Rhermetrics Solid Analyzer PSA II (TA Instruments, New Castle, Del) after being held at 40 C for 15 min to swell fully.
Evaluation of adhesion and growth of fibroblasts in SEP-PSC-coated wells. A 96-well plate coated with SEP-PSC was irradiated with a 15-W UV lamp at 70 cm distance for 30 min to sterilize it just before use, and the coatings were swollen at room temperature for 1 h by adding 100 ml of Eagle's minimum essential medium containing 10% fetal bovine serum (JRH Biosciences, Lenexa, KS), 0.2% NaHCO 3 , 50 IU/ml of penicillin, and 50 mg/ml of streptomycin (MEM). Cultured CCD-27SK cells (Dainippon Seiyaku, Tokyo), derived from human dermis fibroblasts, were grown in the medium under a condition of water-saturated atmosphere of 5% CO 2 in air at 37
C. To examine cell adhesion, aliquots (100 ml each) of a cell suspension containing 1:25 Â 10 4 cells were plated in wells coated with SEP-PSC. After incubation under the same conditions for 15, 30, or 60 min, the wells were washed 3 times with 100 ml of PBS, and the medium was replaced with fresh MEM for a further 1 h of incubation. WST-1 reagent (10 ml) (Dojindo, Kumamoto, Japan) was added to each well, and incubation was continued for 2 h. The absorbance at 405 nm was measured with an MPR A4i microplate reader (Tosoh, Tokyo), and the number of adhering cells was determined by referring to a curve of the absorbance at 405 nm versus cell number, drawn previously. Four measurements were carried out at each time.
To examine cell growth, aliquots (100 ml each) of a cell suspension containing 1:75 Â 10 3 cells were plated in the wells coated with SEP-PSC and incubated under the same conditions for 1, 3, 5, or 7 d. The number of cultured cells was measured as just described.
Evaluation of adhesion and growth of keratinocytes in the SEP-PSC-coated wells. The 96-well plate coated with SEP-PSC was irradiated with a 15-W UV lamp, and the coatings were swollen by adding 100 ml of a K110 medium (Kyokuto Seiyaku, Tokyo) containing bovine pituitary extract, 100 IU/ml of penicillin, and 100 mg/ml of streptomycin as described just above. Keratinocytes (HFK) derived from human foreskin were grown in the medium under the same conditions as the fibroblasts, and aliquots (100 ml each) of a cell suspension containing 1:25 Â 10 4 cells were plated in the SEP-PSC-coated wells. After incubation for 15, 30, 60, or 180 min, washing 3 times with PBS, and then replacement with fresh medium, a WST-1 assay was carried out in the same manner as for the fibroblasts.
To examine cell growth, aliquots (100 ml each) of a cell suspension containing 2 Â 10 3 cells were plated in the SEP-PSC-coated wells and incubated under the same conditions for 1, 3, 5, or 7 d. The number of cultured cells was measured as described above.
Observation of HFK expression proteins. The HFK expression proteins in a 12-well water-repellent slide glass coated with SEP-PSC were visualized by immunofluorescence microscopy. 20) The slide glass was sterilized by UV-irradiation and swollen with the medium as described w Castjust before use. Aliquots (30 ml each) of a cell suspension containing 2:5 Â 10 3 cells were plated inle, DelA d with SEP-PSC was irrand cultured for 0.5, 1, 3, 6, 24, and 72 h. CaCl 2 (0.5-2 mM) was added to the medium according to demand. After treadiate for 20 min with 0.1 M cacodylic acid, 0.1 M sucrose, and 2% formaldehyde in PBS to immobilize and cross-link, the wells were successively washed with PBS, 0.5% Triton X-100, and PBS again. To detect integrin 2 1 , talin, vinculin, involucrin, and filaggrin, the wells were treated at 4 C for one night with antirabbit integrin 2 1 monoclonal P4B4 antibody (kindly donated by Dr. W. G. Carter, Fred Hutchinson Cancer Research Center, Seattle, WA), mouse anti-human talin monoclonal antibody (Chemicon International, Temecula, CA), rat anti-human vinculin monoclonal antibody (Chemicon International), rabbit anti-human involucrin antibody (Biogenesis Ltd., Poole, UK), or mouse antihuman filaggrin monoclonal antibody (Habor Bioproducts, Boston, MA), respectively, as primary antibody. After washing with PBS, the wells were treated at room temperature for 1 h with anti-rabbit or mouse secondary monoclonal antibody labeled with fluorescein isothioicyanate derived from goat (Organon Technika, Durham, NC) corresponding to each primary antibody. After washing with PBS, the expression protein was observed with a fluorescence microscope.
Analytical methods. Total saccharides, uronic acids, and hexosamines were respectively measured by the phenol-sulfuric acid method 21) as glucose, the sulfuric acid-carbazole method 22) as glucuronic acid, and an improved Blix's method 23) as glucosamie. The amino acid composition 24) and isoelectric point (pI) 25) of SEP were determined as described previously.
Results and Discussion

Physical features of SEP-PSC membrane
The yield of SEP was about 34%, and the chemical features of SEP are shown in Table 1 . SEP had a peculiar structure with a very high content of acidic amino acids (349 residues/1,000 residues) containing cysteic acid (119 residues/1,000 residues), a small amount (1.3% as glucose) of saccharides containing uronic acids (0.2% as galacturonic acid) and hexosamines (0.9% as glucosamine), a pI value of 3.3, and a main molecular mass of 14,900, similarly to the characteristics from the previous study. 10) The SEM of the PSC membrane without SEP Features of a Soluble Egg Shell Membrane Protein-Collagen Membrane(control) showed a well-developed network structure with fine fibrils covered by amorphous collagen (Fig. 1) . The observed amorphous material is thought to have been non-fibrilized collagen, because the reconstructed matrix of PSC was 68%, 10) but the SEP-PSC membrane exhibited a network structure with thicker fibrils than those of the control and less amorphous collagen, corresponding to the previous results.
10) The apparent collagen fibril density of the membrane was thus increased by adding SEP at 1/10 of PSC, whereas adding SEP in the same amount of PSC decreased density due to the increased fibril diameter. Dissolution of the SEP-PSC and control films with 0.5 M acetic acid at 65 C for 12 h, with distilled water at 100 C for 1 h, or by collagenase-digestion at 37 C for 24 h resulted in very low solubility. In particular, the SEP-PSC membranes showed low solubility ( Table 2) , indicative of adequate stability. The thermal denaturation temperature of the membrane was increased by adding SEP, and the enthalpy of the SEP-PSC membrane was higher than that of the control. This indicates that SEP reconstructed collagen fibrils with greater thermal stability due to the orderly assembly of microfibrils and fibers by SEP, as shown by the fact that SEP formed collagen fibrils by ordered molecular rearrangement under these conditions, whereas PSC without SEP formed fibril formation by random molecular rearrangement. 10, 17) Permeation of water vapor through the SEP-PSC membrane was measured to evaluate the degree of sweating (hyper-dampness). The capsule containing distilled water sealed with a polyvinylidene chloride membrane showed no water loss at 37 C over a 360-min period (Fig. 2) , indicating complete sealing of the capsule in view of no weight loss. The water loss through each membrane increased linearly with increasing incubation time up to about 30% water loss. SEP-PSC membrane (1:10) showed lower permeation than PSC film due to increased apparent collagen fibril density, but SEP-PSC membrane (1:1) showed higher permeation than PSC membrane due to decreased apparent collagen fibril density. The initial permeation rate after 60 min for SEP-PSC membrane (1:1) was estimated to be about 1.4 times as much as that for PSC membrane ( Table 2 ). The dynamic viscoelasticity of SEP-PSC membrane was measured at 40 C in distilled water to examine the improvement in flexibility with the addition of SEP. Since the values of the storage modulus (E 0 ) and loss modulus (E 00 ) for the SEP-PSC film demonstrated strain-independence and frequency-independence up to 0.2% and 1 Hz, respectively (data not shown), the dynamic viscoelasticity was measured at 0.2% strain and 1 Hz frequency. E 0 was significantly decreased by adding SEP (Table 2) . It is thus thought that the addition of SEP and resulting cross-linking can improve the dissolution behavior, thermal stability, permeation of water vapor, and flexibility of the collagen film, because reconstruction by SEP resulted in the reconstruction of thicker collagen fibrils and a more porous morphological structure. Adhesion and growth of fibroblasts to the SEP-PSCcoated wells PSC containing SEP (SEP:PSC, w/w) in ratios of 1:10 and 1:1 was coated on a 96-well plate before crosslinking with EDC through acid-amide bonding, and the adhesion and growth behavior of fibroblasts to the SEP-PSC-coated wells was examined. Fibroblasts preferentially adhered to the SEP-PSC-coated wells as compared with the non-coated wells (Fig. 3) . Comparing the count of cells adhering to the SEP-PSC-coated wells, the coating with SEP:PSC = 1:1 resulted in lower adhesion than that with SEP:PSC = 1:10, this being similar to that to the PSC-coated well without SEP (PSC-coating). This result suggests that the larger proportion of SEP reduced the adhesion of fibroblasts, probably due to partial exposure of the well surface from the increased fibrilogenesis with thick fibrils as described above. Cell growth in the SEP-PSC-coated wells was also more favorable than that in the non-coated wells (Fig. 4) . Coatings with both SEP:PSC = 1:10 and 1:1 accelerated cell growth as compared with the control without coating 5 and 7 d after inoculation; in particular, the SEP-PSC-coating (1:1) significantly accelerated cell growth as compared with the SEP-PSC-coating (1:10) and PSC-coating 5 d after inoculation, whereas there was no significant difference between the two SEP-PSCcoatings 7 d after inoculation. It is thought that the good cell growth resulted from the reconstruction by SEP of a well-developed network structure.
Adhesion and growth of keratinocytes to the SEP-PSC-coated wells
The adhesion and growth behavior of keratinocytes to the SEP-PSC-coated wells (SEP:PSC = 1:10 and 1:1, w/w) prepared was examined. Keratinocytes also preferentially adhered to the SEP-PSC-coated wells as compared with the non-coated wells (Fig. 5) . The count of cells adhering to the SEP-PSC-coated wells in both proportions was significantly higher than that to the PSC-coated well 30 min after inoculation, although adhesion was little different after this inoculation time.
Cell growth in the SEP-PSC-coated wells was also as favorable as that in the non-coated wells (Fig. 6) . SEP-PSC coating in a ratio of 1:10 resulted in cell growth similar to that with the PSC-coating, but the SEP-PSC coating in a ratio of 1:1 gave less cell growth than that with in a ratio of 1:10. The proteins expressed with adhesion and differentiation were therefore investigated to find the reason for this depressed cell growth. The expression proteins at adhesion (integrin 2 1 , talin, and vinclin) for keratinocytes cultured for 72 h in the 12-well water-repellent slide glass coated with SEP-PSC were observed by immunofluorescence microscopy. 20) Integrin 2 1 is a ligand binding to collagen, 26) and talin and vinclin are constituent proteins with higher-level structures compounded with integrin, -actinin, and the actin filament 27) participating in cell adhesion. Integrin 2 1 , talin, and vinclin were similarly expressed on the SEP-PSC-coatings and PSC-coating (Fig. 7) , indicating no substantial influence of SEP on the expression of the cell-adhesion proteins, but talin was not observed after 72 h, probably due to reduced activity or the progress of keratinization of the cells. Filaggrin and involucrin, specific expression proteins during the differentiation of keratinocytes, were then examined using a medium supplemented with CaCl 2 to accelerate differentiation and inhibit exfoliation; 1.0 mM CaCl 2 was suitable for observation (data not shown). Filaggrin was not expressed on any coating after 3 h and 6 h, whereas it was expressed granularly or wholly in the cells after 72 h (Fig. 8) . There was no difference between the two SEP-PSC-coatings, and both showed much greater filaggrin expression than did the PSCcoating. Expression of involucrin was similar to that of filaggrin after 24 h and 72 h (Fig. 8) . These results suggest that SEP can accelerate the differentiation of keratinocytes, making it possible to apply SEP-PSC effectively as a biomaterial for an artificial skin.
SEP could also improve on the stability, permeation of water vapor, and flexibility of a collagen film with similar affinity for fibroblasts and keratinocytes, and with more rapid differentiation of keratinocytes. 
